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1. Introduction 
Hurricane-force winds have significant effects on the upper ocean. Hurricane-induced 
vertical mixing, entrainment, and upwelling bring up cold and nutrient-rich sub-surface 
water to the surface. As a result, sea surface temperature (SST) cools several degrees Celsius 
as the mixed layer deepens by tens of meters, and conversely, downward mixing of heat 
also warms the upper seasonal thermocline waters. The nutrient-rich water in the upper 
euphotic zone can also stimulate biological production and phytoplankton bloom. The 
potential impact of hurricanes on upper ocean physics and biogeochemistry is quite 
complex, and their observation and study have benefited greatly from ocean satellite remote 
sensing. The Advanced Very High Resolution Radiometer (AVHRR) has been used for 
measuring SST for decades, and hurricane-induced SST drops have been reported (Price, 
1981 and references therein). In comparison, the development of ocean color instruments 
onboard satellites observing ocean biological properties is relatively recent. With the 
advancement of satellite ocean color remote sensing from the Sea-viewing Wide Field-of-
view Sensor (SeaWiFS) (Hooker et al., 1992) and the Moderate Resolution Imaging 
Spectroradiometer (MODIS) (Salomonson et al., 1989) in recent years, hurricane-induced 
phytoplankton blooms have been observed and reported (Babin et al., 2004; Lin et al., 2003; 
Miller et al., 2006; Walker et al., 2005; Shi and Wang, 2007). 
The SeaWiFS, which has operated since August 1997, and MODIS on the Terra platform 
(December 1999–present) and Aqua platform (May 2002–present) have provided us a view 
of chlorophyll patterns and biospheres on global scales by using the advanced atmospheric 
correction algorithm for the data processing (Gordon, 1997; Gordon and Wang, 1994; 
IOCCG, 2010). For the global open oceans, both SeaWiFS and MODIS have been producing 
high-quality ocean color products (Bailey and Werdell, 2006; McClain et al., 2004), and these 
data have been used by researchers and scientists worldwide to study and understand the 
ocean’s physical, optical, and biological changes and their effects on climate processes, as 
discussed in Behrenfeld et al. (2001), Chavez et al. (1999), and others.   
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However, in NASA’s standard ocean color data processing system for MODIS, turbid waters 
caused by sediment mix-up and re-suspension may be misidentified as an enhanced 
chlorophyll-a (Chl-a) concentration and phytoplankton bloom due to very significant ocean 
contributions in near-infrared (NIR) wavelengths (Siegel et al., 2000; Lavender et al., 2005; 
Wang and Shi, 2005). To distinguish a phytoplankton bloom from hurricane-induced turbid 
waters, the shortwave infrared (SWIR) atmospheric correction algorithm (Wang and Shi, 2005; 
Wang, 2007; Wang et al., 2009) is used to derive the normalized water-leaving radiance spectra 
from the blue to the NIR bands, as well as the Chl-a concentration following Hurricane Katrina 
(Shi and Wang, 2007). Compared with the NIR bands, waters are much strongly absorbing at 
the SWIR wavelengths (Hale and Querry, 1973). Thus, the black pixel assumption (i.e., zero 
ocean radiance contribution) at the SWIR wavelengths can be used for turbid and productive 
waters in deriving satellite ocean color products (Shi and Wang, 2009). 
Satellite observations of SST and sea surface height (SSH) anomalies are also very useful for 
the investigation of hurricane impacts on upper ocean physical processes. Hurricanes are 
known to lower SST significantly during their passage, and this upper-ocean process 
depends on many factors such as mixed-layer depth, thermocline depth, air-sea heat fluxes, 
and the storm’s intensity and transition speed. Despite its advantage of high spatial 
resolution, AVHRR SST measurement is available only in clear-sky conditions. On the other 
hand, Advanced Microwave Scanning Radiometer EOS (AMSR-E) on Aqua provides 
microwave-derived SST under both cloudy and clear-sky conditions, and is therefore very 
useful for continuous observations for periods before, during, and after hurricane passage. 
Shi and Wang (2007) used AMSR-E data to study the time series of SST in the Hurricane 
Katrina-induced phytoplankton bloom event in the Gulf of Mexico (GOM). SSH anomaly 
data derived from satellite altimetry measurements can provide mesoscale features like 
warm- or cold-core eddies in the ocean, which are sometimes not available in the SST 
measurement. Pre-existing mesoscale eddies on the hurricane track in the ocean have 
significant impacts on the upper ocean response to hurricanes. Since ocean eddies modulate 
the upper ocean’s vertical and horizontal structures and heat balance, they are also very 
important in the oceanic response process to hurricanes. When a hurricane enters the warm 
(cold) core eddy, SST cooling may be greatly suppressed (intensified) due primarily to deep 
(shallow) mixed-layer and thermocline depth.  
The GOM is greatly influenced by its unique ocean circulation feature, i.e., the Loop Current 
(LC). Warm water from the Caribbean Sea enters the Gulf of Mexico through the Yucatan 
Straits and then forms the LC. The LC penetrates northward into the Gulf of Mexico and 
then turns anti-cyclonically to flow southward along the steep west Florida shelf before 
turning eastward into the southern Straits of Florida (SSF). The Straits of Florida forms a 
conduit for the Florida Current (FC), which connects the LC with the Gulf Stream in the 
North Atlantic. The instability processes that are associated with LC shed warm core eddies 
(WCEs), which propagate westward and eventually dissipate along the shelf break. 
Cyclonic, cold-core eddies (CCEs), called Loop Current Frontal Eddies (LCFEs), are also 
formed along the shoreward boundary of the LC (Paluszkiewicz et al., 1983; Vukovich, 1988; 
Fratantoni et al., 1998; Romanou et al., 2004). LCFEs travel rapidly southward downstream 
with the LC at speeds of 20–50 cm/s. Since the pre-existing oceanic features such as LC, 
WCE, and CCE can modulate the upper ocean vertical and horizontal structures and heat 
balance, they are also very important in the oceanic response process to hurricanes. When a 
hurricane enters the warm (cold) core eddy, SST cooling may be greatly suppressed 
(intensified) due primarily to deep (shallow) mixed-layer and thermocline depth. Using the 
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sea surface height (SSH) anomaly data derived from satellite altimetry measurements, Liu et 
al. (2009) reported that the Hurricane Katrina-induced phytoplankton bloom was coincident 
with a cyclonic eddy near the Dry Tortugas, and the pre-existing eddy played an important 
role in the phytoplankton bloom event. 
Numerical simulation is an important approach to studying the upper ocean response to 
hurricanes. With a three-dimensional numerical model, the variations of ocean surface 
properties, such as SST and SSH, can be projected to water columns below the surface. Price 
(1981 and 1994) used a three-dimensional, primitive-equation, hydrostatic model that 
represents ocean upper mixed-layer and vertical structure on a fixed grid to simulate the 
physical processes of the hurricane-induced upwelling and mixing. Liu et al. (2009) used the 
Hybrid Coordinate Ocean Model (HYCOM) (Chassignet et al., 2003; 2007) to study the effect 
of the pre-existing eddy in the Hurricane Katrina-induced phytoplankton bloom in the 
GOM in 2005. HYCOM is a primitive-equation, ocean general circulation model that was 
evolved from the Miami Isopycnic-Coordinate Ocean Model (MICOM) (Bleck et al., 1992). In 
the study, the upper layer heat budget of the physical process was analyzed, and the 
nutrient enhancement in the upper layer was also simulated.  
2. Upper-ocean physical response to hurricanes 
Early observations of upper-ocean response to hurricanes have been reported and studied 
by Leipper (1967), Brooks (1983), Sanford et al. (1987), Shay and Elsberry (1987), Shay et al. (1989; 
1998), Brink (1989), Dickey et al. (1998), and Jacob et al. (2000). Price (1981) summarized early 
hydrographic surveys and found two prominent features of the SST response to hurricanes: 
(1) hurricane-induced SST cooling increases as a hurricane’s moving speed decreases and 
intensity increases; and (2) the SST response is markedly asymmetrical about the hurricane 
track. Hurricane-force winds (speeds greater than 33 m s-1) have dramatic effects on the 
upper ocean. Frequently, near-surface waters cool several degrees Celsius as the mixed layer 
deepens by tens of meters with the most intense changes occurring under the more intense 
winds on the right-hand side (left-hand side in the Southern Hemisphere) of the storm track 
(Hazelworth, 1968; Dickey and Simpson, 1983; Stramma et al., 1986; Sanford et al., 1987). 
Conversely, downward mixing of heat causes the upper seasonal thermocline waters to 
warm. High-amplitude, near-inertial internal gravity waves (with vertical displacements of 
isotherms of a few tens of meters) and currents (around 1 m s-1) are induced, which persist 
for several days, and geostrophic flows may also be produced (Shay and Elsberry, 1987; 
Shay et al., 1989, 1998; Dickey et al., 1998b; Zedler et al., 2002). The SST decrease is a result of 
both enhanced vertical mixing and upwelling induced by a near-inertial response of the 
oceanic mixed-layer to the asymmetric surface wind stress (Price, 1981; Shay and Elsberry, 
1987), as well as flux-induced cooling. 
The upper ocean response to a particular hurricane depends on several parameters 
involving atmospheric and oceanic variables (e.g., Price, 1981; Dickey et al., 1998b). Some of 
the important atmospheric variables include hurricane size (e.g., radius of tropical storm 
force winds, radius of hurricane-force winds), strength (wind speed), and transit speed. 
Intense, slowly moving hurricanes (~4 m s-1) cause the most significant upwelling and the 
largest SST response (Price, 1981). Local hydrodynamic conditions, i.e., pre-existing 
stratification and near-inertial currents, also play an important role in the oceanic response 
to a hurricane, while the vertical distributions of nutrients and phytoplankton are primary 
factors in defining the resulting biogeochemical response.  
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Brink (1989) collected current data at depths from 159 to 1059 m at a location on the path of 
Hurricane Gloria in 1985 in the western North Atlantic and characterized the response of the 
deep thermocline and the downward propagation of near-inertial energy. Dickey et al. (1998) 
studied the Bermuda testbed mooring data during the passage of Hurricane Felix in August 
1995. It was found that as Hurricane Felix passed the mooring, large inertial currents were 
generated within the upper layer by the onset of intense localized wind stress and lasted a 
period of approximately 22.8 hours. The current shear was the greatest at the base of the 
mixed layer, where deep cooler waters were entrained into the mixed layer resulting in 
cooling of the surface layer. The mixed-layer depth was about 15 m prior to the arrival of 
Felix, and deepened to about 45 m within three days after Felix’s passage, according to the 
mooring. The temperature at 25 m decreased by 3.5–4.0°C and the temperature at 45 m 
increased by about 2.0°C through the mixing process. Temperatures at 71 m and greater 
depths decreased slightly.  
Three-dimensional ocean numerical models were also used to study the physical process 
(Price, 1981; Price et al., 1994; Prasad and Hogan; 2007). Price et al. (1994) used a three-
dimensional model to simulate ocean response to a moving hurricane and found that the 
ocean’s response to hurricanes can be divided into two stages: forced and relaxation. In the 
forced stage, hurricane-force winds drive the mixed-layer currents, SST cooling by vertical 
mixing (entrainment), and air-sea heat exchanges (mainly due to loss of latent heat flux). 
The barotropic response consists of a geostrophic current and an associated trough in sea 
surface height. The relaxation stage response following a hurricane’s passage is primarily 
due to inertial-gravity oscillations excited by the storm. The mixed-layer velocity oscillates 
with a near-inertial period, as do the divergence and associated upwelling and 
downwelling.  
Entrainment has been emphasized as the dominant term in lowering the SST beneath a 
moving hurricane. Based on observations, Jacob et al. (2000) suggested that entrainment at 
the mixed-layer base generally accounts for ~75% to 90% of the cooling, while the Price 
(1981) model indicated that ~85% of heat flux into the mixed layer was through 
entrainment. Only about 10% to 15% of the cooling in the upper ocean is due to surface heat 
fluxes, which would range between 2000 and 3000 W m-2. Estimations from Jacob and Shay 
(2003) ranged from ~10% to ~30% in the directly forced region. Horizontal advection is also 
found to be important in the mixed-layer heat balance during and subsequent to the passage 
of hurricanes (Price, 1981; Jacob et al., 2000). This contribution is particularly significant in 
the eddy region, where maximum cooling due to geostrophic advection (-0.69 °C d-1) was as 
large as the surface heat flux term in the overall heat budget (Jacob et al., 2000).  
3. Satellite observations of hurricane-induced phytoplankton blooms 
With the advancement of satellite ocean color remote sensing from SeaWiFS and MODIS, 
hurricane-induced phytoplankton blooms were also observed and reported in the past 
decade (Babin et al., 2004; Lin et al., 2003; Miller et al., 2006; Walker et al., 2005). Hurricane-
induced mixing, entrainment, and upwelling result in an increase in near-surface 
phytoplankton because phytoplankton is brought closer to the surface so that their 
photosynthetic system receives greater solar irradiance (Babin et al., 2004) and also because 
requisite nutrients are transported into the euphotic zone. On the other hand, the change of 
the phytoplankton in the ocean may lead to a time-lagged response of the colored dissolved 
organic matter (CDOM) (Hu et al., 2006). Enhanced CDOM induced by the storm in the 
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upper ocean layer has also been reported (Hoge and Lyon, 2002). In coastal regions, 
however, entrainment and upwelling can also result in sediment re-suspension and 
transport from nearby locations (Acker et al., 2002; Wren and Leonard, 2005). Hu and Muller-
Karger (2007) also reported the hurricane-induced sediment re-suspension in the eastern 
Gulf of Mexico. To distinguish the phytoplankton bloom from turbid waters resulting from 
hurricane-induced sediment re-suspension and transportation, Shi and Wang (2007) used the 
SWIR atmospheric correction algorithm to derive the Chl-a concentration as well as the 
spectral normalized water-leaving radiance from the blue to the NIR bands. The normalized 
water-leaving radiance spectra were also used to discriminate the phytoplankton bloom 
from the storm-induced CDOM. 
Babin et al. (2004) examined the passages of 13 hurricanes through the Sargasso Sea region of 
the North Atlantic during the years of 1998 through 2001, and the remotely sensed 
chlorophyll-a data from SeaWiFS were used to analyze the hurricane-induced 
phytoplankton blooms. The SeaWiFS data shows increased concentrations of surface 
chlorophyll within the cool wakes of the hurricanes, apparently in response to the injection 
of nutrients and/or biogenic pigments into the oligotrophic surface waters. The observed 
increases in Chl-a in the wakes of these hurricanes ranged from a minimum of ~5% to a 
maximum of ~91%. This maximum is comparable to the spring bloom near Bermuda, which 
shows an increase of over 100% but with absolute magnitudes more pronounced than our 
observations of hurricane wakes. This increase in post-storm surface chlorophyll-a 
concentration usually lasted about two to three weeks before it returned to its nominal pre-
hurricane level.  
Lin et al. (2003) presented evidence of the Tropical Cyclone Kai-Tak-induced phytoplankton 
bloom in the South China Sea (SCS) in July 2000. During its short three-day stay, Kai-Tak 
triggered an average 30-fold increase in surface chlorophyll-a concentration. The estimated 
carbon fixation resulting from this event alone is 0.8 Mt, or ~2–4% of SCS’s annual new 
production. Given an average of ~14 cyclones passing over the SCS annually, it was 
suggested that the long-neglected contribution of tropical cyclones to SCS’s annual new 
production may be as much as ~20–30%. In addition, Walker et al. (2005) analyzed the 
remotely sensed SST and Chl-a data subsequent to Hurricane Ivan’s passage across the Gulf 
of Mexico in September 2004, and revealed sea surface cooling of 3–7°C and elevated Chl-a 
concentrations over two large areas along Ivan’s track. Within the northern area of cooling, 
concentrations increased from 0.36 mg/m3 (before Ivan) to 0.81 mg/m3 (after Ivan) over a 
region of ~27,000 km2. In the southern region, mean Chl-a concentrations increased from 
0.24 mg/m3 to 0.99 mg/m3 over a region of ~13,000 km2. Peak concentrations lagged Ivan’s 
passage by 3 and 4 days in the northern and southern features, respectively. Walker et al. 
(2005) also reported that the increases of hurricane-forced upwelling and chlorophyll-a 
concentrations could be enhanced within cold-core cyclones in the Gulf of Mexico. 
4. Hurricane Katrina-Induced phytoplankton bloom 
Shi and Wang (2007) reported a Hurricane Katrina-induced SST cooling and a phytoplankton 
bloom in the Gulf of Mexico in August 2005. In their study, combined data sets of sea 
surface wind from the National Center for Environmental Prediction (NCEP), SST from 
AMSR-E, and ocean color products from MODIS-Aqua are used to analyze physical, optical, 
and biological processes after Hurricane Katrina. MODIS-Aqua data were processed using 
the SWIR atmospheric correction algorithm (Wang, 2007; Wang and Shi, 2005). It has been 
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demonstrated that, compared to using the NASA standard algorithm (Gordon and Wang, 
1994), use of the SWIR algorithm ocean color products can be improved over productive 
ocean waters (Wang et al., 2007; 2009). Therefore, the phytoplankton bloom can be 
distinguished from sediment re-suspension and transportation, which can also be induced 
by a hurricane in coastal waters. The AMSR-E measurements produce the microwave SST 
under both cloudy and clear sky conditions (Wentz et al., 2000). Therefore, AMSR-E data are 
quite useful for continuous observations of the SST for the periods before, during, and after 
hurricane passage. 
Hurricane Katrina formed as a tropical depression over the southeastern Bahamas on 
August 23, 2005, and was then upgraded to tropical storm status on August 24. The tropical 
storm continued to move towards Florida, and became a hurricane near 2100 UTC on 
August 25, 2005, only two hours before it made landfall on the southeastern coast of Florida. 
The storm weakened over land, but it regained hurricane status about one hour after 
entering the Gulf of Mexico. The storm rapidly intensified after entering the Gulf because of 
the storm's movement over the LC warm waters. On August 27, the storm reached Category 
3 intensity, becoming the third major hurricane of the season. Katrina again rapidly 
intensified, attaining Category 5 status on August 28. The pressure measurement made 
Katrina the fourth most intense Atlantic hurricane on record, and it was also the strongest 
hurricane ever recorded in the Gulf of Mexico at the time. Katrina made its second landfall 
on August 29 as a Category 3 hurricane with sustained winds of 125 mph (205 km/h) near 
Buras-Triumph, Louisiana. 
Shi and Wang (2007) analyzed Hurricane Katrina wind fields from NCEP and estimated the 
upwelling speed induced by the wind stress curl. The track of Hurricane Katrina is outlined 
in red as shown in Figure 1 (Shi and Wang, 2007), and the hurricane eye location is marked 
by a red square at 6-hour intervals. Also shown in Fig. 1 is a snapshot of the Katrina wind 
field at 0600 UTC, August 27th from NCEP, when the hurricane eye was located at a latitude 
and longitude of (24.4°N, 84.0°W), and the maximum sustained wind speed reached ~30 
m/s. At this location, Hurricane Katrina was also found moving slowly with a speed of ~3 
m/s, about a half of the moving speed before landing in New Orleans. The wind stress curl-
induced ocean upwelling was calculated by Shi and Wang (2007) as shown in Fig. 2. The 
highest upwelling velocity is estimated to be ~2.0x10-3 m/s, and the strongest upwelling is 
located almost in the hurricane center. 
A notable phytoplankton bloom centered at a location of (24°N, 84°W) was observed four 
days after Katrina’s passage (Shi and Wang, 2007). Before Katrina, Chl-a concentration was 
low at ~0.1-0.2 mg/m3 for the whole Gulf region. Two days after the passage of Hurricane 
Katrina, enhanced Chl-a concentration can be observed in the large regions east of the Gulf 
of Mexico. A notable patch of high Chl-a concentration with value ~1.5 mg/m3 was 
observed. The elevated Chl-a region coincides with the location of the hurricane eye and the 
area with a strong upwelling. On September 7, while the patch of phytoplankton bloom can 
still be observed, Chl-a magnitude decreased significantly with values at ~0.2 to 0.3 mg/m3. 
Basin-wide, the Chl-a concentration level dropped back to the pre-Katrina level. 
Figure 3 provides, quantitatively, the time series of the wind speed, SST, and Chl-a 
concentration at the center of the bloom located at (24.19°N, 84.06°W). Due to frequent cloud 
coverage, only nine Chl-a data were obtained. Obviously, the ocean physical response (SST) 
and the biological response (Chl-a) lag the hurricane winds. Before Katrina, SST at this 
location was ~31°C and Chl-a concentration ~0.1 mg/m3. The wind speed started to pick up 
on August 25, and reached the maximum on August 27. However, there was no substantial 
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Fig. 1. Snapshot of Hurricane Katrina wind fields at 0600 UTC, August 27, 2005, with the 
track of the hurricane outlined in red (reproduced from Shi and Wang (2007)). The hurricane 
eye location is marked by red squares at intervals of every 6 hours. 
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Fig. 2. Hurricane Katrina-induced ocean physical responses as presented in images of (a) the 
wind-driven upwelling on August 27, 2005 and (b) the microwave SST on August 29, 2005 
(reproduced from Shi and Wang (2007)).  
 
0
10
20
30
40
0.1
1
Aug. 18 Aug. 23 Aug. 28 Sep. 2 Sep. 7 Sep. 12
SST
Wind Speed
Chlorophyll-a
C
h
lo
ro
p
h
y
ll-a (m
g
/
m
3)
Date (2005)
S
S
T
 (
o
C
) 
o
r 
W
in
d
 S
p
ee
d
 (
m
/
s)
Location: (24.19 oN, 84.06 oW)
3
 
Fig. 3. The time series of the wind speed, SST, and Chl-a concentration at the center of the 
bloom located at (24.19˚N, 84.06˚W) from August 20 to September 9, 2005 (reproduced from 
Shi and Wang (2007)). 
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SST drop during this period. The SST at this location reached the lowest level on August 28, 
one day after the hurricane passed. Unfortunately, there was no ocean color data available 
during the hurricane period. The phytoplankton bloom can be seen picking up slightly on 
August 30 with Chl-a concentration of ~0.3 mg/m3 from the pre-Katrina value of ~0.1 
mg/m3. It reached ~1.5 mg/m3 on the next day, August 31.  One week later on September 7, 
SST gradually increased to ~29°C, but still below the pre-Katrina SST. The phytoplankton 
bloom also decayed quickly, and Chl-a values returned to pre-Katrina levels as early as 
September 4. 
Nutrients such as nitrate and phosphate are critical to phytoplankton growth in the ocean. 
Shi and Wang (2007) analyzed the water temperature and nutrient fields from the 
climatology data set (Levitus et al., 1994), and found from the after-Katrina SST value that 
the waters were between a depth of ~80 and 100 m at the phytoplankton bloom location. At 
that depth, the nitrate and phosphate concentrations are nearly four to five times higher 
than that at the surface values, according to the climatology data (Levitus et al., 1994). 
Following strong upwelling and vertical entrainment mixing, however, nutrient 
concentration could be elevated on the surface and provide the required nutrient supply for 
the phytoplankton bloom. It was concluded that the phytoplankton bloom was triggered by 
abnormally high nutrient concentrations due to a strong entrainment mixing and upwelling 
following the passage of Hurricane Katrina. 
5. Numerical simulation of hurricane Katrina-induced phytoplankton bloom 
Liu et al. (2009) presented some further evidence from SSH anomaly data derived from 
satellite altimetry measurements obtained from the Colorado Center for Astrodynamics 
Research (CCAR) at the University of Colorado, which shows that the Hurricane Katrina-
induced phytoplankton bloom near (24°N, 84°W) was coincident with a cyclonic eddy near 
the Dry Tortugas (Fig. 4). These observations indicate that the cyclonic eddy might have 
played a critical role in the phytoplankton bloom event. Near the Dry Tortugas, the 
Tortugas gyre often occurs when the southward flowing LC overshoots entry into the Straits 
of Florida and approaches the coast of Cuba before abruptly turning to the east (Lee et al., 
1992; 1995). This offshore position of the Florida Current, combined with the strong cyclonic 
curvature of the flow field, can cause a counterclockwise recirculation off the Tortugas, i.e., 
the “Tortugas gyre” (Lee et al., 1995). In a cyclonic eddy, the cold nutrient-rich waters from 
the deep layer stimulate primary production.  
To further investigate the mechanism of the Katrina-induced phytoplankton bloom and the 
role of the pre-existing cyclonic eddy, Liu et al. (2009) simulated the process of the upper 
ocean response to Hurricane Katrina using the HYCOM model (Bleck, 2002). Particularly, 
two experiments with and without the presence of a pre-existing cyclone eddy near the Dry 
Tortugas were simulated and the results were compared. In addition to the standard 
physical parameters, such as temperature and salinity in HYCOM, three nutrient 
parameters—nitrate, phosphate, and silicate—were also included in the simulation to study 
the process of the Katrina-induced nutrient enhancement in the upper ocean. 
To evaluate the importance of the cold-core eddy on the physical, chemical, and biological 
responses of the ocean to hurricane forcing, and to identify the mechanism of the hurricane-
driven bloom, the north Atlantic HYCOM model configuration developed by Xie et al. (2007) 
was used to spin up the HYCOM model. Two cases with and without cold-core front eddy 
were then identified. The ocean conditions for these two cases were set up as the initial  
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Fig. 4. Satellite-derived (a–c) MODIS SST, (d–f) SSH anomaly, and (g–i) MODIS chlorophyll-
a concentration on August 22, August 31, and September 7, 2005, respectively. SSH anomaly 
data is from Center for Astrodynamics Research (CCAR). Plot (b) also shows the Hurricane 
Katrina eye locations (marked by a pink square) at 6-hour intervals. Latitude and longitude 
for the region are indicated in plot (i). Figure 4 was reproduced from Liu et al. (2009). 
condition, and then wind forcing associated with Hurricane Katrina was applied to these 
two cases. The model domain covers the north and equatorial Atlantic (98°W–14°E, 17°S–
52°N). The horizontal resolution is 0.18° and the vertical resolution is 22 layers that move 
vertically as a function of total depth. The model was spun up for one year with an initial 
condition constructed from the Levitus Data Set (Levitus, 1982) and forced by the 
Comprehensive Ocean Atmosphere Data Set’s (COADS) monthly climatology atmospheric 
forcing including wind, air-temperature, relative humidity, and short-wave and long-wave 
radiations. The results were then used as the initial conditions of the hurricane response for 
simulations.  
In the study, two cases of LC states near the Dry Tortugas on two different model days were 
chosen: Experiment I, with the presence of a cyclone eddy near (24°N, 84°W); and 
Experiment II, without the presence of a cyclone eddy near the Dry Tortugas. Since the 
differences between the mean monthly climatology of July and August in the vertical 
structure are small when compared with the differences between the two cases with and 
without the presence of the eddy, it was assumed that the differences in the simulations 
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between the two cases were mainly caused by the eddy. The annual mean fields of nitrate, 
phosphate, and silicate were extracted from the World Ocean Atlas 2005 and set as the initial 
conditions of the nutrients at the beginning of both experiments. The two cases of hurricane 
simulations were carried out from August 25–31, 2005, and driven by the NCEP 
atmospheric forcing fields of wind, air-temperature, and relative humidity at the ocean 
surface.  
Figure 5 shows the SST map near the LC before and after Hurricane Katrina’s passage in 
Experiment I (Figs. 5a and 5b) and Experiment II (Figs. 5c and 5d). In both cases, the area 
was dominated by warm SSTs of ~30°C on August 27 before Hurricane Katrina (Figs. 5a and 
5c). However, after Hurricane Katrina, the SST cooling shows quite large differences 
between the two cases: in Experiment I (Fig. 5b), the maximum SST drop (~4°C) is at the 
location of the cold-core eddy, and the SST cooling inside of the LC frontal eddy is much 
more significant than other areas; in Experiment II (Fig. 5d), SST cooling shows no 
significant difference in the observed phytoplankton bloom location than other areas on the 
hurricane track. 
The time series of vertical temperature profile and mixed-layer depth near the location of 
the observed phytoplankton bloom (24°N, 84°W) in the two experiments are shown in 
Figure 6. Before Hurricane Katrina, the surface waters down to ~30 m depth were 
dominated by warm temperature >29°C in both cases. However, the vertical structure below 
 
 
Fig. 5. Model simulated SST in (a–b) Experiment I and (c–d) Experiment II (units: oC). Plots 
(a) and (c) are on August 27, and plots (b) and (d) are on August 29, respectively. Katrina’s 
track is overlaid in plot (a) as a dashed line with square symbols. Figure 5 was reproduced 
from Liu et al. (2009). 
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Fig. 6. Time series of vertical temperature profile at (24°N, 84°W) in (a) Experiment I and (b) 
Experiment II (units: oC). Mixed-layer depth is indicated as the dashed line (reproduced 
from Liu et al. (2009)). 
the surface shows a large difference between the two cases due to different LC states. 
Without the presence of the cyclone eddy in Experiment II (Fig. 6b), the location of the 
observed phytoplankton bloom is on the path of the LC, and, thus, is dominated by warm 
LC waters. In this case, the isotherms are deep, e.g., the 26°C isotherm is at ~85 m depth. 
With the presence of the cyclone eddy in Experiment I (Fig. 6a), the isotherms are elevated, 
and the 26°C isotherm is now at ~60 m, which is 25 m shallower than in Experiment II. In 
Experiment I, strong hurricane-induced upwelling lifted up the isotherms by ~30 m on 
August 27, and the mixed-layer depth was also decreased. Due to strong vertical diffusion, 
the mixed-layer depth deepened by ~40 m on August 28, and then it started to decrease 
gradually. The maximum mixed-layer depth was about 50 m, and coldest temperature 
below the mixed-layer depth was 25°C, which was originally located at ~70 m depth before 
Katrina. Thus, the deepest layer that contributed to the surface cooling was at ~70 m depth. 
The significant mixed-layer temperature cooling occurred between August 27 and 28, which 
was similar to satellite SST observations. In Experiment II, because the location was under 
the influence of LC advection, changes of mixed-layer depth and vertical profiles were 
different from those in Experiment I. The upwelling and vertical diffusion processes were 
not as strong as in Experiment I, and the isotherms were deeper. The 27°C isotherm was 
well below the bottom of the mixed layer during and after Katrina’s passage, never reaching 
the surface. 
The initial surface nitrate, phosphate, and silicate concentrations were about 0.8µM, 0.1µM 
and 1.6µM, respectively, in both cases before Hurricane Katrina. The basic mechanism of 
nutrient response was the same as temperature: deep nutrient-rich waters were brought up 
to the surface by hurricane-induced strong upwelling and vertical diffusion processes 
during the Katrina passage. Figure 7 shows the post-Katrina/prior-Katrina ratio of surface   
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Fig. 7. Post-Katrina/prior Katrina ratio of (a–b) nitrate, (c–d) phosphate, and (e–f) silicate. 
Plots (a), (c) and (e) are from Experiment I, and plots (b), (d), and (f) are from Experiment II. 
Data from August 27 and August 29 are used as the prior-Katrina and post-Katrina data, 
respectively. Figure 7 was reproduced from Liu et al. (2009). 
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nitrate, phosphate, and silicate concentrations. In Experiment I, all three types of nutrient 
concentrations within the cyclone eddy increased more significantly than in other areas on 
the hurricane track. The maximum nutrient concentration increase occurred at the location 
of the observed phytoplankton bloom (24°N, 84°W). The nitrate concentration increased 
most significantly by ~100% at the location of the observed phytoplankton bloom, while 
phosphate and silicate concentration increased ~40% and ~20%, respectively. In Experiment 
II, nitrate, phosphate, and silicate concentrations at (24°N, 84°W) did not show more 
significant increases than in other areas on the hurricane track. In general, the enhancement 
of all three nutrient concentrations was less than 20%. 
Figure 8 shows the time series of nitrate, phosphate, and silicate vertical profiles at  
(24°N, 84°W). Before Katrina, the subsurface nitrate concentrations in Experiment I were 
higher than in Experiment II at the same depth (Figs. 8a and 8b). For example, at a  
70 m depth, the nitrate concentration was ~2.0 µM in Experiment I, while it was only ~1.2 
µM in Experiment II. This was primarily due to cyclone eddy-induced upwelling, which 
elevated the nitrate levels in Experiment I. The differences in the initial vertical structure 
between the two cases consequently led to different results in the nitrate response to 
Katrina. In Experiment I, waters at a 70 m depth with a nitrate concentration of ~2.0 µM 
were lifted up by ~30 m and further entrained into the mixed layer, which significantly 
increased the nitrate concentrations at the surface. The surface nitrate concentration 
increased dramatically between August 27 and 28, and the increase was in phase with SST 
cooling as shown in Fig. 6a. In Experiment II, however, the 2.0 µM contour line is well below 
the bottom of the mixed-layer, and does not contribute to the surface nitrate enhancement. 
The maximum nitrate concentration at the mixed-layer base is about 1.2 µM, and thus the 
change of the nitrate concentration at the surface is less significant compared with 
Experiment I. 
The phosphate vertical profile (Figs. 8c and 8d) shows a similar pattern to that of nitrate in 
the two experiments. In Experiment I, the surface phosphate concentration increased from 
~0.1 µM to ~0.14 µM after Katrina passed near the location of the observed phytoplankton 
bloom. Before Katrina, the 0.14 µM contour line was originally at ~70 m depth, and it was 
uplifted and further entrained into the mixed layer during the Katrina passage. The 0.16 µM 
contour line, which was originally at ~80 m depth, never reached the surface. Therefore, the 
impact of the hurricane-induced upwelling and vertical diffusion can reach ~70 m depth, 
which was consistent with the results of nitrate concentration. In Experiment II, the contour 
lines are much deeper than in Experiment I. In this case, waters with 0.14 µM phosphate 
concentration were originally at 90 m depth and well below the bottom of the mixed layer 
during the Katrina passage. Before Katrina, the phosphate concentration at a 70 m depth 
was ~0.12 µM. Although it was brought up to the surface by the upwelling and vertical 
diffusion, it did not enhance the surface phosphate concentration due to little vertical 
gradient in the top 70 meters. 
The surface silicate concentrations show much less significant changes after Katrina’s 
passage compared with nitrate and phosphate (Figs. 8e and 8f). Before Katrina, although the 
silicate concentration was higher in Experiment I than at the same depth in Experiment II, it 
can be seen that in both cases, the vertical gradient of silicate concentration was minimal in 
the top 70 m depth. Consequently, the upwelling and vertical diffusion process does not 
significantly increase the surface silicate levels in either of the experiments. 
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Fig. 8. Time series of vertical profile of (a–b) nitrate, (c–d) phosphate, and (e–f) silicate at 
(24°N, 84°W). Plots (a), (c), and (e) are from Experiment I, and plots (b), (d), and (f) are from 
Experiment II (units: µM). Mixed-layer depth is indicated as the dashed line. Figure 8 was 
reproduced from Liu et al. (2009). 
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6. Discussions and summary 
In this chapter, we reviewed the status of research on the upper-ocean physical response to 
hurricanes and the hurricane-induced phytoplankton blooms observed by the satellite 
remote sensing. Using the phytoplankton bloom triggered by Hurricane Katrina as an 
example, a notable phytoplankton bloom triggered by hurricane wind-driven upwelling 
and vertical mixing is analyzed and quantified with combined data sets of the NCEP winds, 
AMSR-E microwave SST, and MODIS ocean color products. MODIS-Aqua ocean color 
observation shows that the hurricane-driven phytoplankton bloom lasted less than one 
week. By looking at both the blue and the NIR ocean contributions, we conclude that the 
phytoplankton bloom is the only source for the ocean surface optical property change after 
Hurricane Katrina. In addition, AMSR-E SST and MODIS-Aqua ocean color observations 
show that physical and biological responses to the hurricane are not synchronized with the 
hurricane winds. Indeed, it is found that the ocean physical response as represented by SST 
lags the hurricane peak wind speed by about one day, while the maximum biological 
response could be observed nearly four days later after the passing of the hurricane. 
Indeed, satellite observations (e.g., AMSR-E and MODIS-Aqua) provide us with effective 
tools to monitor the physical, optical, geochemical, and biological changes of the ocean 
environments following an extreme weather event such as a hurricane. They also extend 
further evidence that the tropical cyclone is an important mechanism to pump nutrients into 
the upper euphotic zone and result in significant phytoplankton blooms, thereby leading to 
an increase of the ocean’s primary production. 
Even though satellite observations provide insights on the phytoplankton and its 
relationship with the physical response and nutrient supply changes following a hurricane, 
the location of the phytoplankton bloom at (24°N, 84°W) cannot be explained only by 
upwelling and vertical diffusion associated with Hurricane Katrina. In fact, it has been well 
documented that the maximum SST drop usually occurs to the right of the hurricane track 
because of the asymmetry in turning direction of the wind-stress vector that drives a very 
strong asymmetry in the mixed-layer velocity (Price, 1981). On the contrary, the observed 
Katrina-induced maximum SST drop and phytoplankton bloom at (24°N, 84°W) occurred on 
the left of the hurricane track. According to a National Hurricane Center report 
(www.nhc.noaa.gov/pdf/TCR-AL122005_katrina.pdf), the center of Hurricane Katrina was 
at (24.5°N, 84°W) while moving towards the west on August 27 at 0600 UTC. Thus, the 
location of the observed maximum SST drop and the center of the phytoplankton bloom is 
20–30 km left on the hurricane track. The co-location of the cyclone eddy and the 
phytoplankton bloom explains this contradiction to the classic rightward-bias response 
theories: the pre-existing cold-core eddy at (24°N, 84°W) played an important role in the 
bloom event. 
The numerical simulations in this study have further supported this hypothesis. The 
simulation results show that the SST cooling is more significant in the presence of the 
cyclone eddy at the location of the observed phytoplankton bloom. Although the response 
of the surface nitrate, phosphate, and silicate concentrations is due to the same mechanism 
of upwelling and vertical diffusion that induces SST cooling, the enhancement of the three 
types of nutrient concentrations at the surface are quite different. The surface nitrate and 
phosphate concentrations increase by ~100% and 40%, respectively, while the surface 
silicate concentration increase only ~20%. Given the same strength of upwelling and vertical 
diffusion, the enhancement of the surface nutrient levels depends on the initial vertical 
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gradient of the subsurface nutrient concentrations within the maximum depth that the 
upwelling and vertical diffusion processes can reach. Generally, the vertical gradient of the 
nitrate and phosphate concentrations within the top 70 m depth are larger than that of 
silicate, and thus lead to much more significant surface enhancement. In addition, the pre-
existing cyclonic eddy greatly enhances the vertical gradient of nitrate and phosphate in the 
top 70 m depth, and consequently leads to more significant surface nitrate and phosphate 
concentrations in Experiment I. However, because of deep nutricline in the silicate vertical 
profile, the eddy does little enhancement on its vertical gradient of the top 70 m depth. 
Thus, there is little difference in the surface silicate enhancement between the two simulated 
cases. 
Satellite observations revealed that Hurricane Katrina led to a significant SST cooling and a 
phytoplankton bloom near (24°N, 84°W) in the Gulf of Mexico. The SSH anomaly derived 
from satellite altimetry also showed that a southward-propagating Loop Current frontal 
eddy co-located with the phytoplankton bloom, which suggested that the eddy was an 
important factor in the phytoplankton bloom event. In this study, HYCOM is used to study 
the process of upper ocean responses to Hurricane Katrina. Two different cases with and 
without the presence of a cyclone eddy at the location of the observed phytoplankton bloom 
are simulated. The model run demonstrates that the Katrina-induced phytoplankton bloom 
is attributed to the pre-existing eddy, as well as to a slow-moving hurricane. The cyclonic 
eddy plays a critical role in the development of the Katrina-induced bloom, and it 
significantly strengthens the upper ocean dynamics and nutrient responses. In the 
simulations, the Katrina-induced upwelling and vertical diffusion process can reach ~70 m 
depth. The cyclonic eddy in the phytoplankton bloom area uplifted the isotherms and 
increased vertical temperature, nitrate, and phosphate gradients in the upper 70 m depth, 
thus leading to more significant SST cooling and increases in nitrate and phosphate 
concentrations than in the non-eddy case. Our model results also suggest that the nitrate 
concentration plays a dominant role in the development of the phytoplankton bloom with 
over 100% increase in the surface concentration, while the phosphate increases ~40%. The 
silicate has a minimal effect on the bloom with the smallest increase for its surface 
concentration. 
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